During the female reproductive cycle, estradiol exerts negative and positive feedback at both the central level to alter gonadotropin-releasing hormone (GnRH) release and at the pituitary to affect response to GnRH. Many studies of the neurobiologic mechanisms underlying estradiol feedback have been done on ovariectomized, estradiol-replaced (OVX+E) mice. In this model, GnRH neuron activity depends on estradiol and time of day, increasing in estradiol-treated mice in the late afternoon, coincident with a daily luteinizing hormone (LH) surge. Amplitude of this surge appears lower than in proestrous mice, perhaps because other ovarian factors are not replaced. We hypothesized GnRH neuron activity is greater during the proestrous-preovulatory surge than the estradiol-induced surge. GnRH neuron activity was monitored by extracellular recordings from fluorescently tagged GnRH neurons in brain slices in the late afternoon from diestrous, proestrous, and OVX+E mice. Mean GnRH neuron firing rate was low on diestrus; firing rate was similarly increased in proestrous and OVX+E mice. Bursts of action potentials have been associated with hormone release in neuroendocrine systems. Examination of the patterning of action potentials revealed a shift toward longer burst duration in proestrous mice, whereas intervals between spikes were shorter in OVX+E mice. LH response to an early afternoon injection of GnRH was greater in proestrous than diestrous or OVX+E mice. These observations suggest the lower LH surge amplitude observed in the OVX+E model is likely not attributable to altered mean GnRH neuron activity, but because of reduced pituitary sensitivity, subtle shifts in action potential pattern, and/or excitationsecretion coupling in GnRH neurons. (Endocrinology 158: 356-366, 2017) 
G onadotropin-releasing hormone (GnRH) neurons of the medial preoptic area and hypothalamus comprise the final common pathway for the central regulation of fertility. GnRH controls the synthesis (1, 2) and release of the pituitary gonadotropins, luteinizing hormone (LH), and follicle-stimulating hormone, which activate gonadal steroidogenesis and gametogenesis. For most of the female reproductive cycle, estradiol exerts negative feedback on GnRH release, resulting in inhibition of LH release (3, 4) . At the end of the follicular phase (proestrus in rodents), estradiol switches from negative to positive feedback action. This induces a surge of GnRH release and increases pituitary responsiveness to GnRH (5, 6) , ultimately leading to the LH surge and ovulation (7) (8) (9) (10) (11) (12) .
To better understand the neurobiologic mechanisms underlying estradiol feedback, different experimental models of positive feedback induced by ovariectomy (OVX) followed by replacement with high physiologic/ supraphysiologic levels of estrogen have been used. These replacement regimens include daily subcutaneous injection of 17b-estradiol benzoate for 5 to 6 days after OVX (13) , insertion of Silastic implants containing 17b-estradiol designed to produce a slightly supraphysiologic circulating estradiol level at the time of OVX followed by injection of 17b-estradiol benzoate 6 days later (14) , and implantation of Silastic capsules that produce constant high physiologic levels of 17b-estradiol. The latter avoids injections, which produce varying levels of estrogen throughout the day; nocturnal rodents treated in this manner exhibit daily LH surges peaking at lights out (15) (16) (17) . These daily transitions from estradiol negative to positive feedback occur despite a constant estradiol level; changes in circulating levels of this steroid thus do not contribute to the change in feedback status. In mice prepared in this daily surge model [ovariectomized, estradiol-replaced (OVX+E)], both GnRH neuron firing rate and LH are suppressed in the morning during negative feedback and both are elevated at night during positive feedback compared with OVX controls, which do not exhibit time of day-dependent shifts (15) .
The steady estradiol levels in the daily LH surge model facilitate understanding of how estradiol and time of day contribute to changes in GnRH neuron activity and release. It is important to point out, however, that although estradiol is critical for inducing the LH surge (10), it is not the only ovarian steroid that changes in an estrous cycledependent manner (18) . Progesterone levels are also dynamic, and there is evidence for a role for progesterone in mediating estrogen positive feedback (19, 20) . Of interest in this regard, the amplitude of the daily estradiolinduced LH surge appears to be lower than that previously reported for the proestrous surge in mice (8) . Numerous variables, including strain, LH assay reference standards and methods, housing conditions, and diet, differ among these studies, precluding a direct comparison with the exception of one recent study in which OVX+E implant followed by estradiol injection produced lower amplitude surges than observed on proestrus (21) . No studies that we are aware of have directly compared models at both the pituitary and hypothalamic levels. Because many of the electrophysiologic studies of GnRH neurons have been performed in the daily OVX+E GnRH/LH surge model using constant in vivo physiologic estradiol treatment, it is important to determine if the neurobiologic changes induced were similar to those that occur on proestrus. We thus investigated the LH surge, GnRH neuron firing rate and pattern, and pituitary response to GnRH generated by this daily surge OVX+E model vs that in diestrous and proestrous mice to test the hypotheses that the hormonal changes of proestrus induce greater positive feedback responses at both the pituitary and hypothalamus.
Materials and Methods

Animals
Female GnRH-green fluorescent protein (GFP) mice (22) on a C57Bl6/J or B6CBAF1 background and aged 59 to 137 days were used. All mice were provided with water and Harlan 2916 chow (Harlan Laboratories, Indianapolis, IN) ad libitum and were held on a 14-hour light, 10-hour dark cycle, with lights on at 4:00 AM Eastern Standard Time (EST). For studies during the estrous cycle, vaginal cytology was monitored for at least a week before experiments to determine estrous cycle stage; mice were studied on diestrus or proestrus. For studies with controlled estradiol feedback (OVX+E), mice were ovariectomized and received a subcutaneous Silastic (Dow Corning, Midland, MI) implant that contained 0.625 mg 17b-estradiol in sesame oil in the scapular region; surgery was done under isoflurane general anesthesia with bupivacaine as a local analgesic. Studies were performed 2 to 3 days after surgery. The Institutional Animal Care and Use Committee of the University of Michigan approved all procedures. Independent groups of mice were used for the 3 experiments.
Experiment 1: LH surge in proestrous and OVX+E mice
Vaginal cytology of ovary-intact mice was determined for $10 days prior to sampling to confirm normal estrous cyclicity. Trunk blood was collected within 30 minutes of lights out from proestrous mice (2 trials, n = 3 and n = 6; n = 9 total) or OVX+E mice on day 2 postsurgery (3 trials, n = 8, n = 4, and n = 3; n = 15 total). For all samples, serum was separated by centrifugation and stored at 220°C until assay.
Experiment 2: electrophysiology and pattern analysis
Slice preparation and cell identification Chemicals were purchased from Sigma Chemical Company (St. Louis, MO) unless noted. All solutions were bubbled with 95% O 2 /5% CO 2 throughout the experiments and for at least 30 minutes before exposure to tissue. At 4:00 to 4:30 PM EST, near the expected onset of the LH surge, the brain was rapidly removed and placed in ice-cold sucrose saline solution containing 250 mM sucrose, 3.5 mM KCl, 26 mM NaHCO 3 , 10 mM D-glucose, 1.25 mM NaHPO 4 , 1.2 mM MgSO 4 , and 3.8 mM MgCl 2 . Coronal (300-mm) slices were cut with a Leica VT1200S (Leica Biosystems). Slices were incubated in a 1:1 mixture of sucrose saline and artificial cerebrospinal fluid (ACSF) containing 135 mM NaCl, 3.5 mM KCl, 26 mM NaHCO 3 , 10 mM D-glucose, 1.25 mM Na 2 HPO 4 , 1.2 mM MgSO 4 , and 2.5 mM CaCl 2 (pH 7.4) for 30 minutes at room temperature (21°C to 23°C) and then transferred to 100% ACSF for an additional 30 to 180 minutes at room temperature before recording. For recording, slices were placed into a chamber continuously perfused with ACSF at a rate of 3 mL/min with oxygenated ACSF heated to 31°C 6 1°C with an inlineheating unit (Warner Instruments, Hamden, CT). GFP-positive GnRH neurons were identified by brief illumination at 488 nm on an Olympus BX51WI microscope (Olympus, Center Valley, PA). Recorded cells were mapped to an atlas (23) to determine if any trends based on anatomic location emerged; no such trends were apparent in these data sets. Recordings were performed 1 doi: 10.1210/en.2016-1771 press.endocrine.org/journal/endoto 4 hours after brain slice preparation; no difference in firing patterns was evident based on time after brain slice preparation. No more than 2 cells per animal were included for analysis, and at least 6 animals were tested per parameter.
Extracellular recording
Recording micropipettes were pulled from borosilicate capillary glass (type 7052, 1.65-mm outer diameter and 1.12-mm inner diameter; World Precision Instruments, Inc., Sarasota, FL) using a Flaming/Brown P-97 puller (Sutter Instruments, Novato, CA) to obtain pipettes with a resistance of 2 to 3 MV when filled with the appropriate pipette solution. Recordings were made with an EPC-8 with ITC-18 interface or 1 channel of an EPC-10 dual-patch clamp amplifier (HEKA Elektronik, Holliston, MA). Data acquisition was controlled via Patchmaster software (HEKA Elektronik).
Targeted extracellular recordings were used to record longterm (1-hour) firing activity from diestrous (n = 14), proestrous (n = 17), and OVX+E (n = 11) mice. This method maintains the internal milieu and has minimal impact on the firing rate of neurons (24) (25) (26) . Recording pipettes were filled with HEPESbuffered solution containing 150 mM NaCl, 10 mM HEPES, 10 mM glucose, 2.5 mM CaCl 2 , 1.3 mM MgCl2, and 3.5 mM KCl, and low-resistance (diestrus: 12 6 4 MV; proestrus: 13 6 3 MV; OVX+E: 11 6 4 MV) seals were formed between the pipette and neuron after first exposing the pipette to the slice tissue in the absence of positive pressure. Recordings were made in voltage-clamp mode with a 0-mV pipette holding potential. Signals were acquired and filtered at 10 kHz. Resistance of the loose seal was checked frequently during the first 5 minutes of recordings to ensure a stable baseline, and also between each 10-minute recording period; data were not used if seal resistance changed .30% or was .25 MV.
Analysis of extracellular recordings
Action currents (events), the membrane currents associated with action potential firing, were detected off-line using custom programs in Igor Pro 6.31 (Wavemetrics, Lake Oswego, OR). Mean firing rate (hertz) was calculated by dividing the total number of events by the duration of recording. Data were binned at 60-second intervals and were transferred to Excel (Microsoft, Redmond, WA) for evaluation of percent quiescence (1-minute bins containing ,1 event). In addition to overall activity, the burst pattern of action potentials can potentially affect neurosecretion (27, 28) . Action potential grouping (bursts) was detected using software that systematically adjusted the maximum time between events (burst window) for inclusion in a burst from 0.01 to 1.5 seconds, in 10-ms intervals. Burst windows of 0.01, 0.15, 0.21, 0.5, 1.0, and 1.5 seconds were chosen for comparison among groups. The shortest window (0.01 seconds) encompasses intraburst intervals in typically bursting neurons of the cortex and hippocampus (29) . The 0.21-second burst window was defined based on whole-cell current-clamp recordings of GnRH neurons; this was the longest time between action potentials in which there was a continuous depolarization toward threshold for the next action potential (30) . Because the whole-cell configuration alters intracellular milieu and thus may affect action potential generation, additional burst windows were included that span the typical duration of action potential-induced increases in intracellular calcium levels in cell types for which this is well characterized (31, 32) , and the afterdepolarization (ADP) of GnRH neurons, during which increased firing can occur [1.0 to 1.5 seconds (33)]. For each burst window analyzed, the percentage of spikes in bursts was calculated, and the distribution of burst durations was compared using the KolmogorovSmirnov test; because this test is valid only for 2 distributions, and our primary interest was comparisons between OVX+E and proestrous mice, these groups were chosen for comparison. Interspike interval was also examined by comparing the mean and distribution of the log 10 of this parameter over entire recordings (34, 35) .
Experiment 3: pituitary responsiveness to exogenous GnRH
Pituitary responsiveness to exogenous GnRH in the diestrous, proestrous, and OVX+E mice was evaluated in the afternoon, before onset of positive feedback in either proestrous or OVX+E mice (GnRH injections 1:00 to 2:00 PM EST). A baseline blood sample (e14 mL) was obtained from the tail tip. Mice were then injected with GnRH (Bachem, Torrence, CA, H4005, 150 ng/kg in 0.9% saline; diestrus n 5 6, proestrus n 5 10, OVX1E on day 2 postsurgery n 5 8 (36). Trunk blood was collected 15 minutes after GnRH injection. Serum from baseline and trunk blood samples was separated and stored at -20°C until assay for LH. Uterine mass was determined to confirm proestrous (uterine mass .100 mg) and diestrous (uterine mass ,80 mg) stages. Pituitaries were snap frozen in liquid nitrogen and maintained at -80°C until lysis. Pituitaries were lysed in 350 mL of buffer containing 20 mM HEPES, 150 mM KCl, 10 mM MgCl 2 , 2.5 mM dithiothreitol plus 13 EDTA-free protease inhibitor (Roche), and 0.5% vol/vol RNase inhibitor (Protector RNase Inhibitor; Roche, Indanapolis, IN).
LH assays
Serum LH was measured by the University of Virginia Center for Research and Reproduction Ligand Assay and Analysis Core. For trunk blood (Fig. 1, experiment 1) , LH was measured in singlicate by a sensitive 2-site sandwich immunoassay (37, 38) using monoclonal antibodies against bovine LH (no. 581B7; Medix Kauniainen, Espoo, Finland) and against the human LHbeta subunit (no. 5303; Medix Kauniainen) as described previously (38) . Pituitary content (experiment 3) was measured in duplicate in pituitary lysate diluted 1:20 prior to assay using the 2-site sandwich assay, and was normalized to protein content (subsequently discussed). The tracer antibody (no. 518B7) was kindly provided by Dr. J. Roser (Department of Animal Science, University of California, Davis, Davis, California) (39) and was iodinated by the chloramine T method and purified on Sephadex G-50 columns. The capture antibody (no. 5303) was biotinylated and immobilized on avidin-coated polystyrene beads (7 mm; Epitope Diagnostics, Inc., San Diego, CA). Mouse LH reference prep (AFP5306A; provided by Dr. A.F. Parlow and the National Hormone and Peptide program, http://www. humc.edu/hormones/) was used as standard. The assay had a sensitivity of 0.04 ng/mL, the intra-assay had a coefficient of variation (CV) of 4.5%, and the interassay had a CV of 8.3%.
For pituitary response [experiment 3], serum was diluted 1: 10 in assay buffer (0.2% bovine serum albumin and 0.05% Tween-20 in phosphate-buffered saline), and LH was determined using ultra-sensitive enzyme-linked immunosorbent assay based on Steyn et al. (40) . The capture monoclonal antibody (anti-bovine LH beta subunit, 518B7) was provided by J. Roser, University of California. The detection polyclonal antibody (rabbit LH antiserum, AFP240580Rb) was provided by the National Hormone and Peptide Program. Horseradish peroxidase-conjugated polyclonal antibody (goat anti-rabbit) was purchased from DakoCytomation (D048701-2; DakoCytomation, Glostrup, Denmark). Mouse LH reference prep (AFP5306A) was used as the assay standard. The limit of quantitation (functional sensitivity) was defined as the lowest concentration that demonstrates accuracy within 20% of expected values and intra-assay percent CV ,20%, and was determined by serial dilutions of a defined sample pool. Intra-assay and interassay percent CVs were 6.5% and 8.6%, respectively; functional sensitivity was 0.16 ng/mL.
Pituitary RNA extraction and real-time polymerase chain reaction
Total RNA was isolated with on-column DNasing (RNeasy; Qiagen, Germantown, MD) from 100 mL pituitary lysate. Total protein was measured in 2 mL of lysate (BCA assay; ThermoFisher, Waltham, MA). Pituitary RNA (100 ng) and a standard curve of pooled mouse pituitary RNA 400ng-98pg (1:4 dilution) was reverse transcribed as described (36) Table 1 shows primer and probe sequences and PrimeTime assay number (Integrated DNA Technologies). PCR was conducted using Applied Biosystems Gene Expression Mastermix (ThermoFisher). Normalized relative expression of transcripts was determined by the DDCt method (41), the average of Actin and Ppia expression were used for normalization.
Statistics
Statistical analyses were performed using Prism 7 (GraphPad Software, La Jolla, CA). The number of cells or mice per group is indicated by n. Data are reported as individual values with mean 6 standard error of the mean. Data distribution was tested using Shapiro-Wilk normality test. Data distribution and experimental design were used to select appropriate statistical comparisons, which are specified for each data set in the results. For nonparametric tests, the median, 25th and 75th percentile, Figure 1 . The estradiol-induced LH surge is a lower amplitude than the preovulatory proestrous surge. Serum LH measured within 30 minutes of lights out in OVX+E mice (gray circles, n = 15) and proestrous mice (black circles, n = 9). Note the log scale; each symbol represents 1 mouse; means 6 standard error of means are shown by the horizontal and vertical lines, respectively. *P , 0.001 calculated by Student t test with Welch correction. and interquartile range are reported in Table 2 . The null hypothesis was rejected if P , 0.05.
Results
Experiment 1: LH surge amplitude is lower in OVX+E mice than proestrus mice
The OVX+E daily surge model presents a constant physiologic level of estradiol in the circulation that induces a daily LH surge for several days and facilitates studies of generation and timing of GnRH surges (15) . During the estrous cycle of rodents, estradiol positive feedback occurs on proestrus (42) . Comparison of the LH surge amplitude between the estradiol-induced daily surge model (n = 15) and proestrous mice (n = 9) under the same husbandry and assay conditions reveals the amplitude of the estradiol-induced LH surge is lower than the proestrous surge (P , 0.001, Student t test with Welch correction) (Fig. 1 ).
Experiment 2: overall firing rate is similar in GnRH neurons from OVX+E and proestrous mice
To determine if changes in GnRH neuron activity are associated with the difference in LH surge amplitude between proestrous and OVX+E mice, firing rate was monitored using targeted single-unit extracellular recordings made in the late afternoon from GFP-identified GnRH neurons in brain slices from females in diestrus (negative feedback, n = 14), proestrus (positive feedback, n = 17), or OVX+E (estradiol-induced positive feedback, n = 11). Fig. 2(A) shows representative firing patterns during 1-hour recordings. There was no difference in mean firing rate of GnRH neurons between OVX+E and proestrous mice, but both of these groups had a higher firing rate than cells from diestrous mice (Kruskal-Wallis/ Dunn, both P , 0.05) [ Fig. 2(B) ]. Similarly, the percent of quiescent 1-minute bins (defined as #1 event per minute) was lower (P , 0.05) in both OVX+E (38%) and proestrous (37%) mice than diestrous mice (74%, Kruskal-Wallis/Dunn) [ Fig. 2(C) ]. We further looked for age-related changes in firing rate and did not find substantial correlation (r 2 for firing rate as a function of age: diestrous mice, 0.003; proestrous mice, 0.004; and OVX+E, 0.132). Thus, the overall pattern of GnRH activity does not account for the difference in LH surge amplitude.
Action potential spike patterning in GnRH neurons from OVX+E and proestrous mice
Overall firing activity provides a simple measure of neuronal activity, but the activity likely associated with hormone release occurs over much shorter time windows, referred to as burst firing. To better understand the pattern of action currents in GnRH neurons, the percentage of total spikes contained within bursts for selected burst windows was compared. No difference was observed between proestrous and OVX+E mice in the percent of spikes contained within bursts at any burst window studied (P , 0.05, Kruskal-Wallis/Dunn) [ Fig.   3(A) ]. In contrast, at burst windows of 0.15 and 0.21 seconds, the percent of spikes in bursts is lower in cells from diestrous mice. Burst duration was then analyzed for selected burst windows [ Fig. 3(B-F) ]. At a burst window of 0.01 seconds, typical of intraburst spike frequency in other neurons (29) , no bursts were observed in GnRH neurons from any groups, consistent with previous reports in GnRH neurons (30, (43) (44) (45) . Burst duration was not different between GnRH neurons from OVX+E and proestrous mice, except at the longest window examined, 1.5 seconds, in which burst duration was longer in proestrous mice (P , 0.05, KolmogorovSmirnov test). Interspike interval was shifted to shorter durations in OVX+E mice than proestrous mice (P , 0.05, Kolmogorov-Smirnov test) [ Fig. 3(G) ].
Experiment 3: pituitary responsiveness to exogenous GnRH is greater in proestrous mice
The observed reduction in LH surge amplitude ( Fig.  1 ) could be because of reduced pituitary response in the daily surge model. To test this hypothesis, we evaluated pituitary responsiveness to exogenous GnRH in diestrous (n = 6), proestrous (n = 10), and OVX+E (n = 8) mice during the early afternoon before surge onset in the positive feedback models. Serum LH was monitored before and 15 minutes after intraperitoneal press.endocrine.org/journal/endoinjection of 150 ng/kg GnRH (Fig. 4) . No difference was observed in LH levels before GnRH injection. All 3 groups responded with an increase in serum LH, but LH values in proestrous mice were greater than the other 2 groups during the postinjection sample [2-way repeated-measures analysis of variance (ANOVA)/ Holm-Sidak, P , 0.05]. Uterine mass was not different between proestrous and OVX+E mice but was greater than diestrous mice (1-way ANOVA/Tukey, P , 0.05) [ Fig. 4(B) ]. This suggests estradiol levels were elevated but similar in both surge models compared with diestrous mice (46) . The greater LH response in proestrous mice could be attributable to differences in pituitary gene expression or LH content. To begin to test this, quantitative realtime PCR was used to evaluate the steady-state mRNA levels of specific genes. No difference in steady-state mRNA for Gnrhr or Egr1, an immediate early gene downstream of GnRH receptor signaling and required for Lhb expression (47), was observed among groups (1-way ANOVA/Tukey, P . 0.05) [ Fig. 5(A) and 5(B) ]. Lhb and Cga mRNA were greater (P , 0.05) in diestrous compared with proestrous and OVX+E mice, which were not different from one another (Lhb, Cga not shown, diestrous, 1.9 6 0.2; proestrous, 0.9 6 0.1; OVX+E, 1.1 6 0.1 relative to mean of Actin and Ppia, Kruskal-Wallis/Dunn) [ Fig. 5(C) ]. For Cga, 1 point was removed from both the diestrous and proestrous data sets based on positive Grubb outlier tests. Despite reduced mRNA in proestrous and OVX+E mice, pituitary LH content was not different among groups (diestrous, 33 6 7; proestrous, 52 6 39; OVX+E, 41 6 35 pg LH/mg total protein, 1-way ANOVA/Tukey, P . 0.05). Expression of Fshb was greater in OVX+E mice than both diestrous and proestrous mice (KruskalWallis/Dunn, P , 0.05) [ Fig. 5(D) ]. 
Discussion
Preovulatory GnRH and LH surges are essential for successful reproduction in most species. The GnRH surge is initiated by high physiologic estradiol levels caused by a switch in feedback action of this steroid from negative to positive feedback on both the GnRH network and pituitary. The importance of estradiol in the control of ovulation led to the development of models in which estradiol levels were modified in ovariectomized animals to induce the positive feedback response while reducing other ovarian variables (13-17). These models have facilitated studies on the dependence and contributions of estradiol to central neuronal and pituitary changes underlying surge generation. Here we showed that the amplitude of the LH surge in an OVX+E mouse model (15) is lower than that during proestrus. Our findings suggest this may be because of a reduced response in the pituitary in combination with subtle shifts in action potential patterning, rather than differences in the mean firing rate of GnRH neurons.
This study revealed that despite a higher amplitude LH surge, the increase in mean GnRH firing rate over 1 hour was not different between proestrous and estradiolinduced surges. This suggests replacement of estradiol alone is able to recapitulate many of the positive feedback mechanisms induced by peripheral sex steroids to increase GnRH neuron activity. The present data support and extend previous studies of the firing rate of GnRH neurons during the natural cycle, specifically a higher firing rate on proestrus compared with metestrus (48) . In contrast, a recent study showed a greater firing rate of GnRH neurons on diestrus than proestrus (49) . This latter observation may be attributable to a short duration of recordings (5 minutes vs 1 hour in the current study), or differences in the timing of slice preparation, which was 4 to 5 hours before expected onset of the LH surge in the former study and just before expected onset of the LH surge in the current study.
Bursts of action potentials are related to neuroendocrine secretion (27, 28) . Burst firing in GnRH neurons tends to be lower frequency (30, (43) (44) (45) than other cells in press.endocrine.org/journal/endowhich burst firing has been studied (29, 50, 51) . Of interest in this regard, detailed analysis of the firing pattern of GnRH neurons revealed burst duration increased in proestrous compared with OVX+E mice when longer burst windows were examined. Longer bursts of action potentials, as observed on proestrus, could thus lead to increased GnRH release, possibly by maintaining increased cytoplasmic calcium levels needed for vesicle fusion. Few measurements of intracellular calcium have been done in GnRH neurons, and limitations of the sampling rate or physical properties of the calcium indicator preclude exact conclusion of the duration of calcium elevation, but these calcium signals appear to be prolonged in GnRH neurons (43, 52) . Of interest, the long burst window that revealed a difference in burst duration is similar in duration to the ADP potential of GnRH neurons (33, 53) . The ADP is estradiol-sensitive in these cells, and the firing rate can be increased throughout the ADP. In addition to action potential bursts, interspike interval has also been used to classify firing cells (34, 35) . Interspike intervals were shifted to shorter durations in OVX+E mice vs proestrous mice. This may indicate a shorter action potential refractory period in the former, but this did not generate longer burst durations. Thus, although both groups present similar overall firing frequency, the short-term patterning observed on proestrus might lead to greater GnRH release, which could contribute to the increased LH surge amplitude observed in this group. Estradiol positive feedback acts not only centrally to alter GnRH release, but at the pituitary to alter responsiveness to GnRH (5, 6) . During the early afternoon, before onset of the LH surge, pituitary responsiveness to exogenous GnRH was increased in proestrous mice compared with OVX+E and diestrous mice, which were similar to one another. These observations suggest that the increased amplitude of the LH surge in proestrous mice may be in part because of a difference in pituitary rather than central mechanisms (2, 5, 54) . There was no difference in steady-state levels of Gnrhr mRNA. Differential translation of this mRNA pool, subcellular receptor localization, and signaling are alternative mechanisms that could account for lower amplitude LH surges in OVX+E mice. With regard to the latter, there was also no difference in expression of Egr1, an immediate early gene induced by GnRH receptor signaling (47) . Other signaling pathways could be different among the groups, for example the gonadotropin-inhibitory hormone (GnIH) pathway, which reduces LH release in response to GnRH (55) (56) (57) . There was also no difference in pituitary LH content among groups, despite expected suppression of Lhb and Cga mRNA by higher estradiol levels (58, 59) in proestrous and OVX+E mice, indicated by increased uterine mass. The high levels of Fshb levels in OVX+E mice compared with diestrous and proestrous mice are likely attributable to reduced levels of circulating inhibin after OVX (60) . None of these changes in steady-state mRNA seem poised to contribute to a difference in LH surge amplitude between the two models.
Although the similarity of overall GnRH neuron activity between OVX+E and proestrous mice is consistent with a primary role for estradiol in surge induction, it is important to consider other steroid hormone changes during the cycle (18) . Centrally produced progesterone has been reported to enhance estradiol-induced LH surges (19, 20) . A role for ovarian progesterone is perhaps more likely to affect continuation of, rather than initiation of, positive feedback because serum levels of this hormone increase after onset of the LH surge (18) . Expression of progesterone receptor is required for estradiol positive feedback; however, these actions may be ligand-independent (61, 62) . Of interest regarding action of peripheral progesterone, activity of kisspeptin neurons of the anteroventral periventricular area, a region hypothesized to be critical for induction of positive feedback (63) , is not different between OVX+E mice and OVX+E mice also treated with progesterone (50), again suggesting primary neuronal activity changes are mainly an estradiol effect.
In summary, despite a marked difference in LH surge amplitude between proestrous and OVX+E mice, overall GnRH neuron firing was fairly similar between these models, with subtle shifts toward patterns that may induce increased hormone release on proestrus. Pituitary response was also enhanced on proestrus, and the combination of these changes may contribute to increased LH release. Although it is not possible to rule out differences in parameters that were not examined (e.g., specific biophysical properties of GnRH neurons, other factors such as GnIH), these data suggest the OVX+E model recapitulates many aspects of the proestrous surge. A recent study demonstrated more consistent induction of LH surges with this type of constant estradiol implant model (64) . This reliability, in combination with similarity to proestrous surges, make these models useful for studying the mechanisms of estradiol negative and positive feedback. Moreover, steroid replacement is the only choice for investigating feedback in genetic models that do not exhibit reproductive cycles, such as kisspeptin knockouts and vasopressin knockouts (65, 66) .
